L-Selectin (CD62L) mediates T-cell entry into lymph nodes. Whether the microenvironment modulates L-selectin expression of T cells during diapedesis and transit is unknown. Therefore, L-selectin expression was determined quantitatively on circulating T cells in blood, lymph nodes and thoracic duct by confocal laser scanning microscopy. We show that in contrast to leukocyte functionassociated antigen-1 (CD11a/CD18) and ICAM-1 (CD54), L-selectin expression is cyclically expressed on recirculating T cells. It is reduced to ;30% of the blood value during entry across high endothelial venules. Within lymph nodes, CD4
Introduction
T cells continuously leave the blood and enter lymph nodes via high endothelial venules (HEVs) (1) . They preferentially accumulate in the T-cell zone (paracortex) where some interact with their cognate antigen, while others migrate into the B-cell zone (follicle). A majority of T cells do not become activated in the lymph node (2) and leave it within 24 h via the medulla and the efferent lymph into the thoracic duct (3) . From there, they reach the blood and the whole migration cycle starts again [T-cell recirculation; (4)]. L-Selectin (CD62L) expressed on T cells plays a crucial role during recirculation. Initially, it was thought that the interaction between L-selectin and the endothelium of HEVs specifically directs T cells into peripheral lymph nodes (PLNs) [summarized in ref. (5)]. However, over time it became clear that L-selectin plays a much broader role. It is critically involved in mediating entry of T cells into mesenteric lymph nodes (MLNs) and Peyer's patches, and it participates in T-cell migration into non-lymphoid tissues (5, 6) . In addition, L-selectin is involved in the pathophysiology of many diseases. L-Selectin mediates T-cell entry into nonlymphoid tissues during acute and chronic inflammation (5) , it increases migration into lymph nodes when body temperature rises (7) and soluble L-selectin generated during disease can interfere with T-cell binding to endothelium (8) . However, the biological function of L-selectin is still not fully understood. This is illustrated by a study in mice in which autoimmune diabetes can be prevented by injecting antibodies directed against L-selectin, although L-selectin-negative T cells are still able to induce the disease (9) . Thus, basic aspects of L-selectin biology such as the regulation of its expression in vivo need to be understood in more detail. It is known that during activation, L-selectin is down-regulated on large blastoid T cells by ectodomain shedding to ;10% of the initial value (10) (11) (12) . This correlates with a decreased ability of activated T cells to enter lymph nodes (13, 14) . However, the regulation of L-selectin expression by non-activated resting T cells is controversially discussed. Recently it was reported that L-selectin might be down-regulated not only on activated T cells but also on small resting T cells during entry into lymph nodes (15) , an observation that is not supported by data of another group (14) . It is well known that L-selectin expression can change dramatically within minutes even during standard procedures such as the preparation of cell suspensions (8, 16) . Thus, this discrepancy might be due to differences in tissue handling prior to analysis of L-selectin levels.
Therefore, the aim of the present study was to investigate L-selectin expression on non-activated T cells during their migration from blood via the different lymph node compartments into the thoracic duct and back into the blood. To minimize possible artifacts in L-selectin expression during tissue handling and to facilitate direct comparison of Lselectin expression levels by T cells in blood, lymph nodes and thoracic duct lymph, we analyzed T cells in situ by using snap-frozen tissues. The abdominal part of the rat aorta and thoracic duct were snap frozen and were prepared in a similar way to that of lymphoid organs. T cells were localized at different times after adoptive transfer using confocal laser scanning microscopy [CLSM, (17) ]. Double labeling facilitated the quantitative determination of L-selectin expression on injected T cells. This experimental design combines the advantages of flow cytometry (high sensitivity and exact quantification) and immunohistochemistry (minimal tissue handling and preserved architecture). In addition, nonactivated T cells expressing either high or low levels of Lselectin were isolated and adoptively transferred to analyze whether L-selectin expression on the two subsets is differently regulated within the tissue. L-Selectin expression was compared with that of leukocyte function-associated antigen-1 (LFA) 1 and ICAM-1, which also play an important role in T-cell migration (18, 19) .
The present study shows that, in contrast to LFA-1 and ICAM-1, L-selectin expression on resting T cells is routinely reduced in secondary lymphoid organs (lymph nodes and spleen) but not in non-lymphoid organs. This occurs during entry and does not depend on interaction with classical L-selectin ligands such as GlyCAM-1 and CD34. Reduced L-selectin expression is maintained in all compartments at a similar level irrespective of the starting level in the blood. After leaving the lymph node, L-selectin is re-expressed completing the cycle of L-selectin expression on non-activated T cells in vivo.
Materials and methods

Animals
Adult male Lewis rats were obtained from Charles River GmbH (Sulzfeld, Germany) and were housed in the central animal facility of the University of Lü beck (Germany). Permission to perform these animal experiments was issued by the Ministry of Nature and Environment. Congenic rats of the inbred PVG.7A and PVG.7B strains, bearing RT7 a (CD45.1) or RT7 b (CD45.2) allotype markers, were bred and maintained under barrier conditions in the Animal Unit at the University of Manchester.
Purification and injection of CD4 + T lymphocyte subsets
To obtain T cells expressing different levels of L-selectin, smallsized non-activated CD4 + T cells were separated according to the high and low molecular weight isoforms of CD45R into (20) ]. Details of the purification procedure were described previously (21 
CD45RC
+ or CD45RC À CD4 + T cells, the recipients (PVG.7A, CD45.1) were exsanguinated at different time points and the tissues removed.
Immunostaining
Lymphoid organs such as PLN and MLN and spleen and non-lymphoid organs such as lung, intestine and liver were removed, immediately frozen in liquid nitrogen and stored at À80°C. The abdominal aorta and the thoracic duct were ligated in situ and the tissue package was excised and treated as indicated above. Cryosections (9 lm in thickness) were fixed in methanol and acetone (1:1) for 10 min at À20°C and incubated with antibodies for 60 min at room temperature to reveal the following structures: L-selectin (clone OX-85), LFA-1 (clone WT1), ICAM-1 (clone 1A29), T cells [alpha/beta TCR (aßTCR), clone R 73], B cells (IgM), HEV (rat endothelial cell antigen-1, clone His 52) and congenic T cells after adoptive transfer (CD45.2, clone His 41). Primary antibodies were detected using secondary antibodies conjugated to the green fluorescent dye Alexa Fluor 488, the orange-red fluorescent dye Alexa Fluor 555 or the infrared-emitting fluorescent dye Alexa Fluor 647 (Molecular Probes, Eugene, OR, USA). Some primary antibodies were labeled with monovalent anti-mouse-Fab fragments (Zenon Technology, Molecular Probes) conjugated to either Alexa Fluor 488 or Alexa Fluor 647. The conjugated Fab fragments bind to the FC portion of the IgG1 antibody. Nuclei were stained using the blue fluorescent dye bisbenzimide Hoechst 33258 (0.1 lg ml À1 in PBS for 15 min; Sigma). Negative controls were obtained by using isotype-matched irrelevant antibodies.
CLSM
Cryosections were examined using a Zeiss LSM 510 UV meta CLSM, equipped with lasers for 364, 488, 543 and 633 nm excitation using a 340/1.2 water immersion objective (Zeiss, Jena, Germany). Microscope settings were kept constant throughout all measurements, allowing direct comparison of different adhesion molecule expressions. Calibration of the measurement system with a reference slide was done prior to measurement. To avoid 'bleed-through' effects and to exclude possible crosstalk, each dye was excited and detected separately using the multi-tracking function and narrowband emission filters. Several studies have shown that the fluorescence intensity correlates with the local concentration of bound antibodies in a linear manner, thus qualifying fluorescence methods as appropriate for quantitative analysis (22, 23) . We determined relative light units (RLU) for the fluorescence intensities of the different adhesion molecules present on endogenous T cells (aßTCR), B cells (IgM) and resting and recently activated CD4 T cells (CD45.2) at different time points after adoptive transfer. Colocalization scatter diagrams were generated using the LSM 5 software (Zeiss). Corresponding intensities of two channels acquired from the same pixels were correlated, displayed in a scatter diagram and quantified as mean fluorescence intensities (MFIs). Co-localization was measured when paired pixels had fluorescence intensities that were at least 40 RLU higher than the intensity of negative control images for each fluorophore (i.e. irrelevant IgG1 and IgG2a isotype antibody counterstained with secondary antibodies conjugated to Alexa Fluor 488, Alexa Fluor 555 or Alexa Fluor 647).
Evaluation of cryosections
The different compartments of the lymph nodes (T-cell zone, B-cell zone, medulla and HEVs) and spleen (T-cell zone, B-cell zone, marginal zone and red pulp) as well as endogenous T and B cells and congenic CD4
+ T cells could clearly be identified at all time points after adoptive transfer. In each compartment, at least 100 cells of the subset in question were analyzed regarding the expression of the respective adhesion molecule. These data were used to calculate MFIs. SPSS software (SPSS Inc., Chicago, IL, USA) was employed to calculate means and standard deviations (SDs) and to determine significance levels (P < 0.05 in Mann-Whitney U test for independent experimental groups).
Lymphocyte adhesion to cultured high endothelial cells
Flow cytometric analysis of T cells bound to and transmigrated across cultured high endothelial cells (HEC) was conducted as described previously (24) . Briefly, HEC were plated at 1-2 3 10 5 cells in replicate wells of six-well trays and grown to confluence over 48-72 h. T cells were purified from pooled PLN and MLN of LOU (RT1 u ) rats by depletion of B cells and macrophages were incubated with HEC (10 7 T cells in 1 ml) for up to 60 min at 37°C. At indicated times, non-bound T cells were removed by washing and HECadherent T cells were detached by incubation in 0.1% EDTA in PBS for 10 min at 37°C. Transmigrated T cells were collected following detachment in 0.1% EDTA in PBS for 5 min at 37°C after removal of surface-bound lymphocytes by incubation in cell-free media for 60 min at 37°C (25) . All T-cell populations were incubated in 0.1% EDTA in PBS for 5 min at 37°C prior to staining for flow cytometry. L-Selectin expression on HECadherent T cells was determined by staining with FITCconjugated hamster anti-rat mAb to L-selectin (clones HRL-1 and HRL-2; PharMingen) or control mAb (hamster anti-mouse CD3; clone 2C11). LFA-1 expression was determined by indirect staining using mouse anti-rat CD11a (clone WT1; PharMingen) and isotype-matched control mouse antihuman HLA-ABC (clone W6/32) and FITC-conjugated rabbit anti-mouse IgG to detect bound primary antibody. T cells (2 3 10 6 ) were stained with saturating concentrations of antibody at 4°C for 30 min and after washing cells were analyzed on a Coulter Epics V flow cytometer as described previously (26) . Data for 10 000 events were collected and analyzed using WinMDI (Joseph Trotter, Scripps Institute, CA, USA). Results are expressed either as MFI after subtraction of background staining or as percent positive cells using background staining with isotype-matched control antibodies to set gates.
Results
Quantification of adhesion molecule expression on T cells in blood, thoracic duct lymph and the compartments of lymph nodes
It is known that the preparation of cell suspensions as well as the handling of T cells under culture conditions might influence their expression level of L-selectin (8, 16) . Therefore, T cells from blood and thoracic duct lymph were not analyzed by flow cytometry, but in situ by CLSM. The abdominal part of the aorta and the thoracic duct were ligated, removed and immediately snap frozen in liquid nitrogen, and cryosections were prepared and treated as those of lymph nodes. Both in blood and thoracic duct lymph, T cells (green; Fig. 1A and B) were analyzed for the co-expression of L-selectin (red; Fig. 1C and D) and the data presented in a scatter diagram for blood ( Fig. 1E ) and lymph (Fig. 1F ). The scatter diagrams display the frequencies of correlating pixel intensities between the two channels. Using this approach, we demonstrated that T cells in the blood express more L-selectin ( Fig. 1E ) than those in lymph (Fig. 1F ). More precisely, in blood, we observed T cells expressing variable levels of Lselectin ( Fig. 1A and C) ; some showed a high L-selectin expression (thick asterisks) comparable to that of granulocytes (arrowhead), whereas others expressed low levels of L-selectin (thin asterisks). In contrast, in the thoracic duct, all T cells expressed low levels of L-selectin (thin asterisks; Fig. 1B and D) . Very rarely, we observed cells expressing high levels of L-selectin in the thoracic duct (arrows). Such cells were negative for the TCR, showed the morphology of macrophages and were regularly seen in the medulla of the lymph nodes. The same approach was used to analyze the expression of ICAM-1 on T cells in the T-cell zone and B-cell zone of lymph node ( Fig. 2A) . T cells were identified by an anti-TCR antibody (green fluorescence) and on the same sections double staining (red fluorescence) was performed for ICAM-1 (Fig. 2B ). An overlay was produced of the regions indicated by the insets representing the T-cell zone ( Fig. 2C ) and the B-cell zone (Fig. 2D ). The T cells (green) were analyzed for the co-expression of ICAM-1 (red) and a scatter diagram was generated for the T-cell zone (Fig. 2E ) and the B-cell zone (Fig. 2F) . Applying this approach, we demonstrated that T cells in the T-cell zone express less ICAM-1 ( Fig. 2E ) than those in the B-cell zone (Fig. 2F ).
L-Selectin expression on T cells is decreased in all lymph node compartments including thoracic duct lymph
With the approach outlined above, we quantitatively analyzed L-selectin expression on T cells in blood, in the T-and B-cell zones and medulla of PLN and MLN and in thoracic duct lymph. Compared with blood T cells, L-selectin expression on lymph node T cells was significantly reduced to ;30% of the blood value. This was observed in all compartments and in the thoracic duct lymph (Fig. 3A) . In contrast, LFA-1 expression on T cells was similar in blood, lymph node and lymph (Fig. 3B) , whereas ICAM-1 expression was significantly increased on T cells in the B-cell zone (Fig. 3C) . The Cyclical expression of L-selectin 445 ; arrowhead). In contrast, in thoracic duct lymph, all T cells expressed very low levels of L-selectin (thin asterisks). We very rarely observed cells expressing high levels of L-selectin in the thoracic duct (arrows). Such cells were negative for the TCR, showed the morphology of macrophages and were regularly seen in the medulla of the lymph nodes. (Scale bar: 5 lm; nuclear staining: blue.) (E and F) Co-localization scatter diagrams show fluorescence intensity of each pixel in the green channel (T cell) on the x-axis (values 0-4095) and simultaneously its fluorescence intensity in the red channel (L-selectin) on the y-axis (values 0-4095). This approach was applied for blood (E) and lymph (F). The insets show the respective values when irrelevant isotype-matched antibodies were used for staining. Applying these settings, the fluorescence intensity in the red channel was determined (L-selectin) on each green pixel, which was above the background level (T cell), and then the MFI in the red channel (L-selectin) was calculated. Cyclical expression of L-selectin 447 same pattern of L-selectin, LFA-1 and ICAM-1 expression was observed on B cells (data not shown) and on T and B cells in PLNs (data not shown). Analysis by flow cytometry both supported and extended these data. When L-selectin expression on T cells in blood and lymph nodes was compared by flow cytometry, a 50% reduction in MFI was observed ( Fig. 3D, E and F) , whereas LFA-1 expression was comparable in blood and lymph nodes (Fig. 3G, H and I) . Surprisingly, flow cytometry analysis showed that thoracic duct T cells, which were maintained in culture, started to re-express L-selectin and reached expression levels comparable to those of blood T cells after 12 h of incubation (in culture: 576 6 18; in blood: 587 6 30; MFI 6 SD, n = 5).
L-Selectin expression on CD4 + T-cell subsets is reduced within 24 h after entry into lymph nodes
To determine how fast L-selectin expression on T cells is reduced after entry into lymph nodes and to study whether this process varies in the T-cell zone, B-cell zone and the medulla, T cells were injected into congenic recipients and lymph nodes were analyzed 24 h later. In addition, we wanted to know whether a different level of L-selectin expression influences the degree of down-regulation within the lymph node. Therefore, small CD4 + T cells were separated according to their CD45RC expression into two subsets. When analyzed by flow cytometry, resting CD4 + T cells (CD45RC positive) expressed high levels of L-selectin, whereas recently activated CD4 + T cells (CD45RC negative) expressed <50% of that in the L-selectin-high population (20, 27, 28) . Despite the different levels of L-selectin, both CD4 + T-cell populations were similarly distributed in T-cell zone, B-cell zone and medulla. Both subsets showed the same low level of L-selectin expression in all lymph node compartments analyzed (Fig. 4A) . In contrast, as already seen for the unseparated T-cell populations (Fig. 3) , CD45RC
À CD4 + T cells expressed significantly higher levels of LFA-1 (Fig. 4B) and ICAM-1 (Fig. 4C) . This is in sharp contrast to L-selectin expression, which was similar for both subsets throughout the lymph node, although in blood resting CD4
+ T cells express significantly higher levels of L-selectin than recently activated CD4 + T cells (20) . However, between the two populations, there was no difference in LFA-1 expression among the immigrants in T-cell zone, B-cell zone and medulla (Fig. 4B) , and the immigrants in the B-cell zone showed significantly higher levels of ICAM-1 (Fig. 4C) . Thus, L-selectin expression of T cells was reduced within one day after entry into lymph nodes. The degree of reduction was comparable within the three lymph node compartments and was similar for L-selectin high and low expressing T-cell subsets.
Rapid reduction of L-selectin expression on CD4 + T cells during migration across HEVs
Since T cells in all compartments were homogenously low for L-selectin already 24 h after their arrival, we asked whether a change in L-selectin occurred at the interface between blood and the HEVs as T cells enter the lymph node. To determine whether the decrease in L-selectin expression occurred before or after entry, CD45RC
+ (L-selectin high ) and CD45RC À (L-selectin low ) CD4 + T cells were injected intravenously and the HEVs were studied 30 min later. By threecolor analysis, it was possible to visualize HEVs (white, Fig. 5A ), injected CD4 + T cells (green, Fig. 5B ) and L-selectin expression simultaneously (red, Fig. 5C ). Intensely labeled L-selectin + fluorescent aggregates were identified (Fig. 5C , punctuate red staining). These were primarily localized between the endothelial cells and only very rarely outside the basement membrane within the T-cell zone, as visualized by staining for laminin (data not shown) and probably represent remnants of cleaved L-selectin. Surprisingly, within 30 min after adoptive transfer, the expression level of L-selectin on T cells was as low as that found 24 h after injection (compare Figs 5E and 4A ). In addition, no difference between the CD45RC + (L-selectin high ) and CD45RC À (L-selectin low ) CD4 + T cells was observed. Furthermore, L-selectin expression on CD4 + T cells was comparable whether they were localized within the endothelium of HEVs or within the T-cell zone directly adjacent to HEVs (Fig. 5E) . Interestingly, 24 and 48 h after adoptive transfer, CD45RC + (L-selectin high ) and CD45RC À (L-selectin low ) CD4 + T cells were found in comparable numbers in the HEV endothelium of MLNs (Fig. 5F ) and PLNs (data not shown).
Reduction of L-selectin expression on T cells occurs during both adhesion to and transmigration through HEC
To further assess the stage at which step L-selectin reduction occurs, an in vitro adhesion assay was employed. T cells were incubated for different times with HEC cultured from rat cervical lymph nodes under static conditions. In this assay, three different patterns of T cell-HEC interaction can be identified and the respective T-cell population can be isolated for further characterization: (i) T cells not bound to high endothelium, (ii) T cells bound to the surface of high endothelium and (iii) T cells that transmigrated across the high ). The expression levels are indicated as MFIs. Means were calculated from at least 400 donor cells per lymphoid compartment in four animals (6SD). Asterisks indicate significant differences between the two CD4 + T-cell populations (P < 0.05, Mann-Whitney U test). (Fig. 6A) . Although cultured HEC express cellassociated ligands for L-selectin (29) , T-cell binding in the absence of fluid flow is integrin dependent (24) . Our results show that T cells not bound to the endothelium did not significantly change L-selectin expression during the observation period of 60 min (Fig. 6B) . In contrast, T cells bound to endothelium started to reduce L-selectin expression from 20 min after incubation onward resulting in L-selectin expression levels of ;40% of the starting level within 1 h of incubation (Fig. 6B) . In addition, after transmigration, a further loss of L-selectin expression was observed (Fig. 6C) . In contrast, the expression of LFA-1 did not change (Fig. 6C) , and a 4 b 1 integrin-dependent binding of T cells to immobilized vascular cell adhesion molecule-1 did not influence L-selectin expression (data not shown). Thus, the reduction of surface expression during interaction with HEVs was characteristic for L-selectin and occurred in a two-step process during adhesion to and transmigration through the endothelium.
Reduced L-selectin expression on T cells in the spleen but not in non-lymphoid organs
To find out whether the reduction in L-selectin expression depends on binding to specific ligands during entry, L-selectin expression was analyzed on splenic T cells because T cells do not use L-selectin in order to enter the spleen (Fig. 7) . Surprisingly, L-selectin expression was reduced on the T cells of all compartments of the white pulp (T-cell zone, B-cell zone and marginal zone) to a degree similar to that of lymph nodes. However, T cells within the non-lymphoid part of the spleen, the red pulp, showed significantly higher L-selectin expression levels (Fig. 7D) . To study whether a reduced L-selectin expression is a feature of secondary lymphoid organs as compared with non-lymphoid organs, T cells in lung, intestine and liver were investigated. And indeed, compared with non-lymphoid organs, the L-selectin expression of T cells in lymphoid organs was significantly reduced (Fig. 7E) .
Discussion
It is known from in vitro studies that L-selectin expression of T cells is reduced upon activation (30) . Here we show in vivo that non-activated resting T cells routinely lose ;70% of their L-selectin expression when they migrate from blood into lymph nodes. This result was obtained by using an experimental design which combines the advantages of flow cytometry with those of immunohistochemistry. Like flow cytometry, CLSM analysis permits the determination of L-selectin expression on T cells in quantitative terms at a sensitivity much higher than that in conventional immunohistochemistry (31, 32) . Unlike flow cytometry, there is no need to disrupt the tissue in order to prepare cell suspensions. Instead, immunohistochemistry allows the study of T cells in snap-frozen tissues with an intact architecture. This also minimizes artifacts due to tissue handling which is important, since L-selectin expression is extremely sensitive to ex vivo manipulations (8, 16, 33) . Our study confirms that L-selectin expression is higher on lymphocytes in blood compared with lymph nodes and that T cells express more L-selectin than B cells (20, 27, 34, 35) . Thus, the present approach enables us to reliably determine changes of L-selectin expression on T cells in transit from blood to lymph.
L-Selectin expression of T cells in vivo
We show that the reduction of L-selectin expression on resting T cells is similar in the T-cell zone, B-cell zone and medulla of lymph nodes. This is in agreement with data obtained by using cell suspensions of whole lymph nodes in rats (27) and mice (15) but at variance with a study in mice that failed to detect a decrease in L-selectin expression (14) . Prolonged tissue handling prior to analysis might account for this discrepancy, since increase of L-selectin expression may occur within minutes (33) . Using snap-frozen tissues, we show that L-selectin expression by CD4 + T cells is reduced within 30 min of entry into lymph nodes. This reduction occurs in a two-step process during adhesion to and transmigration across the HEVs. Earlier studies reported that T cells need up to 30 min to migrate across HEVs in vivo (36) . This correlates well with the in vitro time interval of 30-60 min for L-selectin to be shed (30), a process induced by T-cell-derived metalloproteases (10, 26, 37) . Within minutes, soluble L-selectin fragments are produced containing the functional lectin domain (30, 38, 39) . The CLSM analysis identified L-selectin fragments as intensely labeled L-selectin + fluorescent aggregates within the endothelium of HEVs, indicating that the same proteolytic mechanism is operative in vivo and confirming indirect evidence that metalloproteinase-dependent shedding of L-selectin occurs during lymph node entry in vivo (15) . It seems unlikely that the reduced L-selectin expression we observed is caused, for example by the presence of soluble ligands preventing L-selectin antibodies binding to their specific epitopes, since the highest levels of L-selectin were observed on T cells in blood, a site that contains huge amounts of soluble L-selectin ligands (8) . In addition, three different L-selectin antibodies (OX85, HRL-1 and HRL-2) were used, all showing reduction of L-selectin levels during interaction with HEVs. It is not clear whether CD45RC 
) following transfer. The stimulus for L-selectin shedding during transmigration across HEV remains to be identified. Cross-linking of L-selectin by ligands which are expressed on the luminal and abluminal surfaces of HEV may be responsible, since it has been reported that chemical cross-linking of L-selectin or engagement by synthetic glycomimetic ligands induces rapid shedding (41, 42) . However, the present study shows reduced L-selectin expression also on T cell in the spleen, although L-selectin is not needed for entry and although the spleen does not express classical L-selectin ligands such as GlyCAM-1 and CD34 (5) . This might indicate that L-selectin shedding occurs independent of cross-linking by specific ligands and is in line with data suggesting that chemokines (43) and the availability of nutrients (44) stimulate L-selectin shedding. However, recently it has been shown that the spleen provides proteoglycans as ligands for L-selectin (45) . Thus, further studies are needed to dissect the mechanism of rapid L-selectin shedding during entry into secondary lymphoid organs.
Interestingly, like T cells in the lymph node compartments, T cells in the thoracic duct lymph also express only 30% of the L-selectin level of blood T cells. The fact that T cells in thoracic duct lymph reach the blood within seconds and that the majority of resting T cells in the blood express high level of L-selectin suggests that most thoracic duct T cells only increased their L-selectin levels on reaching the blood. Indeed, our data demonstrate that thoracic duct T cells re-express high blood levels of L-selectin. Further studies will be needed to characterize the re-expression kinetics in more detail and to define the mechanisms regulating this process. It is unclear whether the lymph node microenvironment actively suppresses L-selectin expression (34) Taken together, L-selectin expression by non-activated resting T cells follows a cyclical pattern during recirculation from blood to lymph. L-Selectin expression is reduced during entry into lymph nodes and increases again on exit to the blood. The cyclic expression is a characteristic of L-selectin alone-LFA-1 expression does not change during recirculation and ICAM-1 expression is selectively increased on T cells in the B-cell zone, possibly due to the preferential production of T h 2-like cytokines (46, 47) , that are known to up-regulate ICAM-1 (48, 49) . The lymphoid microenvironment may also influence surface expression of activated T cells. It was shown that cytokine production (IL-2 and IFN-c) and integrin expression (a 4 b 1 ) are modulated on primed T cells after entry into lymph nodes (50) .
The functional role of L-selectin for T cells in vivo
It is well known that high expression levels of L-selectin facilitate migration into lymph nodes (51) , but the biological role of low expression levels within lymph nodes is poorly understood. Our study suggests two possible functions for reduced L-selectin expression. First, during T-cell activation L-selectin expression is reduced to ;10% of the initial level within minutes by ectodomain shedding (13, 30) . Low L-selectin levels could facilitate T-cell activation. The present study shows that L-selectin expression is reduced to ;30% of the initial level on resting T cells during entry and maintained as long as T cells are within the lymph node. Perhaps, high levels of L-selectin on resting T cells would interfere with their ability, for example to migrate efficiently within the T-cell zone in their search for specific peptides on dendritic cells. This conclusion is supported by the observation that T cells express high levels of L-selectin in non-lymphoid organs such as lung, intestine, liver and the splenic red pulp. Thus, reduced L-selectin levels might be a required feature of secondary lymphoid organs to induce primary immune responses. This hypothesis could be tested in models in which L-selectin shedding is blocked (13) (14) (15) . Indeed, in a model of influenza infection, it was shown that transgenic CD8 T cells, unable to down-regulate L-selectin, are less efficient at reducing the viral load than wild-type CD8 T cells (52) . shows at higher magnification a T cell (asterisks) and a granulocyte (arrowhead; B) and their L-selectin expression (C; scale bar: 10 lm) demonstrating comparable L-selectin expression (nuclear staining: blue). (D) L-Selectin expression was determined on T cells within the T-cell zone, the B-cell zone, the marginal zone and the red pulp. The expression levels were recorded as MFIs. Means were calculated from at least 100 cells per compartment (6SD; n = 2; P < 0.05, Mann-Whitney U test). (E) L-Selectin expression was determined on T cells within lymphoid (pooled lymph node and spleen data) and non-lymphoid organs such as lung, intestine and liver. The expression levels were recorded as MFIs. Means were calculated from 500 to 800 T cells per organ (6SD; n = 1-4; P < 0.05, Mann-Whitney U test).
Second, one day after activation in vitro L-selectin expression was found to increase to about three times normal, a level that is maintained for 2-3 days before declining (30) . The frequency of activated T cells expressing high levels of L-selectin would be too low for detection in vivo because in the present study unstimulated lymph nodes were used. Strikingly, the 2-3 days of high L-selectin expression corresponds precisely with the time activated T cells are retained before they return to the blood via efferent lymph (3, 53) . This retention may be designed to allow sufficient time for antigen-activated T cells to differentiate fully to the effector stage. Low L-selectin levels within the lymph node might permit faster transmigration as is observed for resting T cells which have a mean transit time of about one day from blood to lymph (3). This conclusion is supported by experiments showing that T cells need more time to enter lymph nodes via HEVs when L-selectin shedding is inhibited (13) . Twophoton microscopy may show whether the level of L-selectin expression affects T-cell mobility within lymph nodes and whether increased T-cell mobility in turn facilitates T-cell activation.
It is known that L-selectin-deficient T cells are almost unable to enter lymph nodes via HEVs [summarized in ref. (5)]. The present study shows that CD45RC À CD4 + T cells, that express <50% of the level of CD45RC + CD4 + T cells (20) , migrate across HEVs with the same efficiency. In addition, both T-cell subsets are present in equal numbers within the lymph node compartments (20) and re-appear in the thoracic duct with comparable kinetics (54, 55) . Perhaps, reduced L-selectin expression may be compensated by other adhesion molecules. LFA-1 and ICAM-1 are the most likely candidates and are expressed at higher levels on the L-selectin low CD45RC
À CD4 + T-cell population [present study; (20, 56) ]. In addition, the integrin a 4 b 1 mediates tethering, rolling and binding of T cells to HEVs in both PLN and MLN (19) and is preferentially expressed by the L-selectin low
CD45RC
À CD4 + T-cell population (20) . It was also shown that anti-a 4 b 1 treatment in vivo selectively interfered with the migration of the L-selectin low CD45RC À CD4 + T-cell population (21) . Clearly, T-cell migration is a complex process in which many molecules act together in different combinations to facilitate one outcome, i.e. entry into lymph nodes. The ultimate test for a molecule that is proposed to influence migration hinges on 'proof of principle' and depends on analyzing traffic routes of adoptively transferred lymphocytes in vivo (57).
Conclusion
Resting T cells reduce L-selectin expression within minutes while crossing HEVs. The low L-selectin expression level of T cells is maintained within all compartments of lymph nodes and the white pulp of the spleen probably increasing their mobility, facilitating the activation process. After leaving lymph nodes, resting T cells are able to re-express full levels of L-selectin. Apparently, L-selectin function in lymphocyte recruitment by HEVs may be partly compensated by other adhesion molecules. The important role of L-selectin in T-cell migration and activation makes this molecule an interesting target for therapy.
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